ABSTRACT Lipids play a pivotal role in embryogenesis as structural components of cellular membranes, as a source of energy, and as signaling molecules. On the basis of a collection of temperature-sensitive embryonic lethal mutants, a systematic database search, and a subsequent microscopic analysis of .300 interference RNA (RNAi)-treated/mutant worms, we identified a couple of evolutionary conserved genes associated with lipid storage in Caenorhabditis elegans embryos. The genes include cpl-1 (cathepsin L-like cysteine protease), ccz-1 (guanine nucleotide exchange factor subunit), and asm-3 (acid sphingomyelinase), which is closely related to the human Niemann-Pick disease-causing gene SMPD1. The respective mutant embryos accumulate enlarged droplets of neutral lipids (cpl-1) and yolk-containing lipid droplets (ccz-1) or have larger genuine lipid droplets (asm-3). The asm-3 mutant embryos additionally showed an enhanced resistance against C band ultraviolet (UV-C) light. Herein we propose that cpl-1, ccz-1, and asm-3 are genes required for the processing of lipid-containing droplets in C. elegans embryos. Owing to the high levels of conservation, the identified genes are also useful in studies of embryonic lipid storage in other organisms.
The free-living nematode Caenorhabditis elegans serves as an excellent genetic model organism for the study of diverse mechanisms, including embryonic development and lipid metabolism (Byerly et al. 1976; Hodgkin and Barnes 1991; Muschiol et al. 2009; Harvey and Orbidans 2011) . Most studies have examined lipid metabolism in adult worms (Ashrafi et al. 2003; Mullaney and Ashrafi 2009; Watts 2009; Klapper et al. 2011; ) . In the C. elegans embryo, lipid metabolism has been studied primarily with respect to the processing of yolk platelets. C. elegans vitellogenins are synthesized in the intestine of adult hermaphrodites, secreted into the pseudocoelomic space, and transported to the oocytes in the proximal gonadal arm (Kimble and Sharrock 1983; Hall et al. 1999; Kuo et al. 2013) . The growing oocyte takes up plenty of yolk through receptor-mediated endocytosis and stores the yolk in yolk platelets (Sharrock et al. 1990; Grant and Hirsh 1999) . In C. elegans, yolk seems to be only partially degraded during embryogenesis, as evidenced by the presence of yolk particles in larval intestines Schierenberg 1992, 1996; Grant and Hirsh 1999) . Further, lipid-containing droplets have been partially characterized in the C. elegans embryo (Levitte et al. 2010; Ehmke et al. 2014) . In this study, we used C. elegans to identify genes that function in the processing of lipid-containing droplets, especially in the embryo. Our study identified candidate genes, including cpl-1 (cathepsin L-like cysteine protease), ccz-1 (guanine nucleotide exchange factor subunit), and asm-3 (acid sphingomyelinase 3). These genes were further characterized.
Materials and Methods

C. elegans strains and maintenance
Bristol N2 was used as a wild-type reference strain. The mutant strains rrf-3(pk1426), asm-3(ok1744), hjIs67[atgl-1p:: atgl-1::GFP], hjls9[pges-1::glo-1::GFP], wels15[pie-1p::GFP::eea-1(FYVEx2)+unc-119(+)], and pwls23 [vit-2: :GFP] were provided by the C. elegans Genetic Center (CGC), which is funded by the National Institutes of Health Office of Research Infrastructure Programs (P40 OD010440). The strains asm-3(tm2384), asm-1(tm5267), asm-2(tm3764), and hosl-1(tm2369) were received from the National BioResource Project (NBRP). Twenty-eight temperature-sensitive mutants (Supporting Information, Table S1 ) were generated in the laboratory of R. Schnabel (TU Braunschweig) (R. Schnabel et al., unpublished material). All mutant strains were backcrossed to wild-type N2. ccz-1(t3403); atgl-1p::atgl-1::GFP, ccz-1(t3213); pwls23 [vit-2: :GFP], ccz-1(t3403); pwls23 [vit-2: :GFP], ccz-1(t3403); hjls9[pges-1::glo-1::GFP], cpl-1(t3423); atgl-1p::atgl-1::GFP, cpl-1(t3423); pwls23 [vit-2: :GFP], asm-3(ok1744); atgl-1p::atgl-1::GFP, asm-3(ok1744); pwls23 , and asm-3(ok1744); wels15[pie-1p::GFP::eea-1(FYVEx2)+unc-119(+)] double mutants were generated by standard genetic techniques, and the presence of the homozygous mutant alleles was confirmed by PCR, embryonic phenotype, and/or GFP expression. Nematodes were maintained at 15º (ts mutants) or 20º on NGM agar plates with Escherichia coli OP50 lawns as food sources using standard methods (Brenner 1974) . Experiments with the ts mutants were performed at 15º (permissive temperature) and 25º (restrictive temperature). For all experiments, nematodes were synchronized via the hypochlorite treatment of gravid adults.
Temperature-sensitive mutant screen
We screened a collection of 1669 ts mutants obtained from the laboratory of R. Schnabel (TU Braunschweig) [partially described in Ehmke et al. (2014) ]. We selected 28 of these mutants showing either an enlargement or a depletion of droplets as observed in four-dimensional (4D) microscopic analyses for further characterization. The embryos of selffertilizing hermaphrodites of the selected mutants were scored for enlarged cytoplasmic droplets, droplet depletion, embryonic lethality, and brood size. Eight promising candidates were chosen from this group, and the mutations responsible for the droplet phenotype were identified. For this step, we combined SNP mapping (Davis et al. 2005 ) with whole-genome sequencing (GATC NextGen Sequencing, GATC Biotech, Konstanz, Germany). The resulting data sets were analyzed on the Galaxy Web platform (http://usegalaxy) using the cloud-based pipeline CloudMap (http://usegalaxy. org/cloudmap) established by the Hobert Laboratory (Minevich et al. 2012) . We identified the phenotype-causing mutations for four alleles, two alleles each of cpl-1 and ccz-1. For the remaining four ts alleles, we found relevant mutations in more than one candidate gene (Table S1 ).
Database search
The WormMart (BioMart v 0.7, http://caprica.caltech. edu:9002/biomart/martview/), PhenomicDB (v 3.9.7, http:// phenomicdb.info/), RNAi Database (release 5 http://rnai. org/), WormBase (v WS244, http://www.wormbase.org/), Tissue-specific expression predictions for C. elegans (v 1.0 http:// worm-tissue.princeton.edu/search), KEGG Pathway Database (http://www.genome.jp/kegg/pathway.html), Expression Patterns for C. elegans promoter::GFP fusions Database (HuntNewbury et al. 2007) , DAVID Gene Functional Annotation Tool (resource 6.7, https://david.ncifcrf.gov/), and National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm. nih.gov/) GenBank databases were used to identify candidate genes that met one or more of the following criteria: embryonic lethal with unknown or predicted function, embryonic lethal or embryonic expression and known function in lipid metabolism, known phenotypes that are associated with lipid storage (e.g., lipid depleted, lipid content reduced or increased), and orthologs of human genes implicated in lipid diseases.
RNAi screen by feeding
For the interference RNA (RNAi) screen, clones from the Ahringer C. elegans RNAi library, obtained from Gene Services (Source BioScience, Berlin, Germany), were used (Kamath and Ahringer 2003) . Bacteria containing the 316 different RNAi clones were cultured in Luria broth medium with 50 mg/ml ampicillin and 5 mg/ml tetracycline at 37º for 16-18 hr. Afterwards, 50 ml of the culture was seeded on NGM plates containing 2.5 mM IPTG and 50 mg/ml ampicillin. The RNAi plates were incubated at 37º overnight. The RNAi-hypersensitive rrf-3 strain was used for the screen. Ten synchronized L 1 larvae were placed on each RNAi plate and incubated at 20º. After 48 hr, Nile Red was added on the top of each RNAi plate to a final concentration of 0.05 mg/ml. Embryos of the F 1 generation were scored for their overall droplet phenotype and Nile Red incorporation into the droplets after 48 and 72 hr, respectively, using an Axio Zoom. V16 Stereo Microscope (Zeiss, Jena, Germany). Additionally, the phenotypes of the embryos in the F 2 generation were determined. In each experiment, an L4440 empty vector and OP50 bacteria were used as negative controls, and the RNAi clones T03E6.7 (coding for cpl-1) and C49F5.1 (coding for sams-1) were used as positive controls, showing the droplet phenotype and embryonic lethality. RNAi clones resulting in a droplet phenotype were rescreened twice.
Microscopy and staining methods
Synchronized adult worms were harvested and washed in M9 buffer. Embryos were obtained by dissecting adult worms at the vulva and subsequently releasing the embryos from the uterus. The embryos were transferred on top of a small 5% agar pad on an objective glass slide. For vital staining, the embryos were directly incubated with BODIPY 493/503 (1:300, 15 min), LipidTOX Red (1:100, 40 min), or LysoTracker (1:50, 20 min) at room temperature. For fixative BODIPY 493/503 and LipidTOX Red staining, nematodes were washed in M9, incubated in 4% paraformaldehyde (PFA) solution for 15 min, followed by three freeze-thaw cycles in liquid nitrogen. After the PFA was removed by three washing steps with M9, the worms were incubated in 500 ml of 1 mg/ml dye in M9 for 1 hr at room temperature. Subsequently, the nematodes were washed three times with M9 buffer. Finally, the worms were mounted for microscopic analysis. Images were taken either by laser-scanning confocal fluorescence microscopy (Zeiss Axio Imager Z2 Upright Microscope equipped with a Zeiss LSM 700 scanning confocal imaging system) or by an Axio Imager Z1 Microscope (Zeiss) equipped with ApoTome.2, Colibri.2, and an AxioCam MRm camera. For fluorescent images, an 81 HE DAPI/FITC/Rhodamine/Cy5 filter (Zeiss) was used. Objects were magnified using a 633/1.4 oil objective. All experiments were performed three to five times.
Brood size and lethality assays
Brood size and lethality assays were performed on NGM plates at 15 and 25º, respectively. Three synchronized L 4 larvae were placed on the NGM plates, grown to adults, and transferred to new NGM plates twice a day during the egg-laying period. The number of eggs laid was counted, and the eggs were allowed to develop for 24 hr. Residual eggs were counted. The overall brood size per worm and the lethality rate were determined. All experiments were performed three to five times.
Temperature-shift assay
Adult worms were synchronized by hypochlorite treatment. The embryos obtained were either shifted directly to the restrictive temperature (25º) or maintained at the permissive temperature (15º) to the L 4 stage. Afterwards, larvae were shifted to 25º. The overall larval development into fertile adults and the embryonic lethality rate of subsequent generations were determined.
UV survival assay
The UV survival assay was performed on NGM plates at 20º. Embryos were collected from gravid adults by hypochlorite treatment, and 50-60 embryos were transferred to plates seeded with OP50 bacteria. Animals were irradiated directly after hypochlorite treatment for the indicated periods of time (0-180 min). For irradiation, a Philips G30T8 lamp (30 W) emitting a constant C band ultraviolet (UV-C) dose was used. The exact number of irradiated eggs was determined. After 24 hr of development, the remaining eggs were counted, and the lethality rate was calculated. The experiment was performed three to four times.
Analysis of embryonic lipid composition
For analyzing the lipid composition of the wild-type N2 and asm-3(ok1744) embryos, 100,000 eggs were obtained by hypochlorite treatment of gravid adults. M9 buffer was removed, and the samples were stored at 280º. Five biological samples were collected per strain, and lipidomic analyses were performed on a high-resolution LC-MS/MS platform according to Fauland et al. (2011) . Data processing was accomplished by a Lipid Data Analyzer . The following lipid classes were quantified: triacylglycerol (TG), sphingomyelin (SM), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphoinositol (PI), and plasmalogen (aPE). The results were normalized to class amount, protein content, and sample weight. The distribution of lipid species was analyzed using GraphPad Prism (v 4.0) and Microsoft Excel (v 2013).
Protein alignment
We used the SIAS tool (imed.med.ucm.es) with the BLSOSUM62 matrix to calculate the overall protein identity and similarity. The alignment of catalytic domains was performed using the GENtle tool (v 1.9.4). The catalytic regions of human SMPD1 (aa 203-498) and C. elegans ASM-3 (aa 143-439) were aligned using the Clustal-W algorithm. Identical amino acids are indicated with asterisks.
Statistical analyses
Statistical analyses were performed using GraphPad Prism (v 4.0). The data presented represent means 6 SEM of results from three or more independent experiments. Significances were calculated using Student's unpaired t-test or one-way ANOVA. Differences were considered to be significant when *P , 0.05, **P , 0.005, and ***P , 0.001.
Results
Screening of mutant alleles altering the phenotype of putative lipid-containing droplets present in the C. elegans embryo
We searched for C. elegans mutant embryos with altered droplet phenotypes. We assumed that the screening and subsequent analyses of the mutants would lead to identification of genes functioning in the processing of lipid-containing droplets. Our first approach was based on a collection of 1669 ts embryonic lethal mutants and 4D DIC recordings of embryos (R. Schnabel et al., unpublished material) . We have already shown that one of these mutants, sams-1(t3210), displayed an expansion of genuine lipid droplets (Ehmke et al. 2014) . In this study, the embryos of self-fertilizing hermaphrodites of 28 selected mutants were scored for both embryonic lethality and the appearance and size of droplet structures ( Figure 1 and Table S1 ). By combining SNP mapping with whole-genome sequencing, we identified two new alleles of cpl-1, t3423 and t3438, and of ccz-1, t3403 and t3213 ( Figure S1 ). The pronounced and enlarged droplets in the cpl-1 and ccz-1 mutant embryos (Figure 2 ) prompted us to further characterize the phenotypes.
To identify the additional genes influencing the droplet phenotype of the C. elegans embryo, we collected and combined phenotypic information from several databases (see Materials and Methods). This resulted in a list of 1085 candidate genes, of which 725 were genes with known functions and 360 had unknown or predicted functions ( Figure 1 and Table S2 ). The latter group was of particular interest. From 316 selected genes (Table S3) , we identified RNAi-treated and/or mutant embryos showing altered droplet structures (e.g., size, distribution) by staining with dyes to trace the lipids. Of 22 candidate genes (Table S4) , the most robust droplet phenotype was observed in embryos lacking asm-3, hosl-1, or E01A2.1 (Figure 2 ). We focused on the acid sphingomyelinase-encoding gene asm-3 because this gene has not been associated with lipid storage in embryos previously.
Mutant embryos of cpl-1 exhibit large droplets containing neutral lipids
The cpl-1 gene encodes a member of the cathepsin L-like cysteine protease family that seems to be involved in the proteolytic processing of yolk proteins (Hashmi et al. 2002; Britton and Murray 2004) . The high embryonic lethality of the identified alleles, cpl-1(t3423) and cpl-1(t3438), at the restrictive temperature ( Figure 3A and Table S1 ) correlated with the reported lethality of the cpl-1(ok360) null mutant (Britton and Murray 2004) . In agreement with the strictly maternal function of cpl-1 (Hashmi et al. 2002; Britton and Murray 2004) , a temperature shift during gametogenesis drastically enhanced the embryonic lethality of the F 1 generation of cpl-1(t3423) ( Figure 3B ). Both cpl-1(t3423) and cpl-1(t3438) showed a minor increase in brood size compared with wild type at the restrictive temperature (+26.3%, P = 0.2343, and +20.6%, P = 0.361, respectively) ( Figure 3C ). Based on these results, the cpl-1 mutants exhibited normal or even enhanced fertility, whereas their embryonic development was disturbed. Three different approaches were used to identify genes associated with lipid droplets in embryos. First, 28 ts alleles were screened for embryonic lethality and an enlargement or reduction of lipid droplets in embryos (I). Second, 1085 candidate genes of the database screen (II) were grouped in three partly overlapping categories: embryonic lethal, known function, and unknown/predicted function. Third, candidates from the database screen were functionally tested by RNAi (III). See Materials and Methods and Results for more information.
Regarding the function of cpl-1 during gametogenesis and embryogenesis, the cpl-1(t3423) and cpl-1(t3438) mutant alleles showed normal droplet size in the intestines of adults ( Figure 3D ) but enlarged droplet sizes in oocytes ( Figure 3E ) and embryos ( Figure 3F ). To ascertain the mechanism responsible for the formation of the large droplets, we performed vital and fixative staining experiments with dyes (BODIPY493/503 and LipidTOX Red) tracing neutral lipids. Similar to other vital staining methods (O'Rourke et al. 2009; Wahlby et al. 2014) , our short-term (20-min) vital staining approach (Klapper et al. 2011 ) was capable of visualizing lipid droplets. The fat-staining signals of the dyes did not co-localize with the autofluorescent signals of lysosomerelated organelles (LROs) in the intestine ( Figure 3D ) or with the signals of the yolk marker VIT-2::GFP in oocytes ( Figure  3E ). Based on our vital fat-staining method, we showed that the expanded droplets present in the oocytes ( Figure 3E ) and embryos ( Figure 3F ) of the cpl-1(ts) mutants indeed contained neutral lipids. The fixative fat-staining method confirmed the lipid-containing character of the enlarged droplets of the cpl-1(ts) mutant embryos ( Figure 3G ). Signals from the ATGL-1::GFP fusion protein, a marker of canonical lipid droplets, were not detectable on the expanded droplets of the cpl-1(t3423) mutant embryos ( Figure 3H ). However, small embryonic droplets were visualized by ATGL-1::GFP ( Figure 3H ). According to a previous report on a cpl-1 null mutant (Britton and Murray 2004) , the VIT-2::GFP signal was not visible on the large droplets of the cpl-1(ts) mutant embryos ( Figure 3I ). In conclusion, we found that the cpl-1 mutant embryos accumulated enlarged lipid-containing droplets that did not co-localize with marker proteins for yolk or lipid droplets.
Mutant embryos of ccz-1 accumulate enlarged yolk-containing lipid droplets
The novel alleles of ccz-1, t3213 and t3403, produced mostly dead embryos at the restrictive temperature ( Figure 4A and Table S1 ). At the permissive temperature, the two mutants showed a lethality of approximately 50%. We further observed a high level of embryonic lethality (.95%) independent of whether we shifted the ccz-1(ts) mutants to the restrictive temperature early in development or after reaching the L 4 stage ( Figure 4B ). The two ccz-1(ts) mutants produced considerably fewer embryos at the restrictive Homozygous cpl-1(t3423) (B) and cpl-1 (t3438) (C) embryos at the restrictive temperature. Homozygous ccz-1(t3403) (D) and ccz-1 (t3213) (E) embryos at the restrictive temperature.
temperature than at the permissive temperature ( Figure 4C ). The high embryonic lethality and impaired fertility of the ccz-1(ts) mutants confirmed the essential role of CCZ-1 in gametogenesis and embryogenesis (Nieto et al. 2010) . It has been reported that ccz-1 is involved in the digestion of apoptotic corpses, phagosome maturation, and processing of LROs in the intestine (Poteryaev et al. 2007; Nieto et al. 2010; Delahaye et al. 2014) . We found large droplets in the intestine, oocytes, and embryos of the ccz-1(ts) mutants (Figure 4 , D-F, and Table S1 ). Both vital and fixative fat-staining methods revealed that the expanded droplets contained neutral lipids (Figure 4, F and G) . The signals of the lipid droplet marker protein ATGL-1::GFP and the yolk marker VIT-2::GFP are clearly visible on the large droplets of the ccz-1(ts) mutant (Figure 4, H and I) . In contrast, the LRO marker GLO-1::GFP is not present on the large intestinal droplets of the ccz-1(ts) mutant ( Figure 4J ). Taken together, the ccz-1 mutant embryos accumulated enlarged lipid-containing droplets, which are characterized by the presence of marker proteins for both yolk and lipid droplets.
Mutant embryos of asm-3 are more resistant to UV-C exposure, accumulate enlarged genuine lipid droplets, and show distinct changes in their lipid profiles
The asm-3 gene is closely related to the C. elegans acid sphingomyelinase genes asm-1 and asm-2 and to the human Niemann-Pick disease gene SMPD1 ( Figure S2A ). The large-droplet phenotype of the asm-3 mutant embryo (Figure  2 , F and G) was not observable in the C. elegans mutants asm-1 and asm-2 ( Figure S2 , B and C). The asm-3(ok1744) mutant displayed a 56% reduced brood size and a slightly increased embryonic lethality compared with wild-type embryos (Figure 5, A and B) . A previous study showed that adult asm-3 mutant worms were characterized by an increased stress resistance (Kim and Sun 2012) . We found that the embryos of the asm-3(ok1744) mutant survived for longer times than wild-type embryos under UV-C irradiation ( Figure 5C ). Thus, the asm-3 mutant embryos were more resistant to UV-C stress. The asm-3(ok1744) mutant was characterized by the presence of enlarged droplets in all embryonic stages and in maturing oocytes ( Figure S3 ), indicating a maternal contribution to asm-3 expression. To validate this observation, we crossed homozygous asm-3 mutant hermaphrodites with wild-type N2 males and examined the offspring of the F 1 and F 2 generations for the incidence of large droplets ( Figure  S4) . The results demonstrated a maternal contribution to asm-3 gene expression. To analyze whether the large droplets of the asm-3(ok1744) mutant embryo contained neutral lipids, we used the vital BODIPY 493/503 staining method. This approach showed that the large droplets of the asm-3(ok1744) mutant embryo were BODIPY 493/503 positive ( Figure 5D ). In the asm-3(ok1744) adult worms, we also found enlarged BODIPY 493/503-positive droplets ( Figure  5E ). Moreover, the lipid droplet marker protein ATGL-1::GFP was clearly visible on the surfaces of the enlarged droplets in the asm-3(ok1744) mutant embryos ( Figure 5F ). In contrast, the expanded droplets were not marked by reporters for yolk (VIT-2::GFP), a subset of early endosomes (pie-1p::GFP::EEA-1), or lysosome (LysoTracker) (Figure 5 , G-I). We concluded that the loss of asm-3 resulted in the accumulation of genuine lipid droplets in the embryo.
To identify the changes in the lipid profile of asm-3 mutant embryos, we performed a lipodomics analysis and identified 265 relevant individual lipid species. The total lipid amount (N2: 4999 mmol/g protein; asm-3: 4566 mmol/g protein) and the relative distribution of the seven lipid classes were comparable between the asm-3(ok1744) and wild-type embryos ( Figure 6, A and B) . In the sphingomyelin group, the most prominent effects were observed for SM 15:0 [22.9-fold lower in asm-3 (ok1744) embryos compared with wild type], SM 17:0 (25.8-fold), and SM 20:0 (22.2-fold) (Figure 
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). In the triglyceride species, we observed an overall shift toward long-chain and polyunsaturated fatty acids in the asm-3(ok1744) mutants ( Figure S5 ). When considering the other lipid classes, we found robust differences for PC 36:0 (219-fold), PC 31:0 (26.6-fold), PE 40:8 (+5.9-fold), and PS 38:6 (+5.9-fold) ( Figure 6D ). Overall, 84 lipid species (31.7%) showed significantly higher or lower levels (44 and 40 compounds, respectively) in the asm-3(ok1744) embryos compared with wild-type embryos ( Figure 6D ). The results of the lipodomics analyses showed that the asm-3 mutant embryo was characterized by certain changes in the lipid profile.
Discussion
Yolk complexes and lipid droplets are distinct lipid storage organelles in C. elegans embryos
Yolk complexes are lipoprotein complexes that serve as energy reserves for the nourishment of developing embryos (Wallace 1985; Byrne et al. 1989; Tufail and Takeda 2009) . The precursors of the yolk proteins, vitellogenins, are typically synthesized in organs distant from the gonad and are then endocytosed by the developing oocytes (Mosconi et al. 2002; Tufail and Takeda 2009 ). Here they are stored in yolk platelets until they are degraded (Reimer and Crawford 1995; Jorgensen et al. 2009 ). In C. elegans, the cathepsin L-like cysteine protease CPL-1 is involved in the degradation of yolk proteins during embryogenesis (Hashmi et al. 2002; Britton and Murray 2004 ).
In agreement with previous studies (Hashmi et al. 2002; Britton and Murray 2004) , we observed enlarged droplets in both oocytes and embryos in the newly identified cpl-1(ts) mutants. Although the yolk marker protein VIT-2::GFP was not detectable on the large droplets, Britton and Murray (2004) showed that the droplets still contained yolk. Similarly, we found that the enlarged droplets of the cpl-1(ts) mutant embryos also contained neutral lipids not marked by the lipid droplet reporter protein ATGL-1::GFP. These findings suggested that the loss of function of cpl-1 causes an enlargement of lipid-containing yolk complexes distinct from genuine lipid droplets. It has been shown that CCZ-1 acts in complex with SAND-1 as a guanine nucleotide exchange factor for RAB-7 and is involved in the digestion of apoptotic corpses, phagosome maturation, and the processing of lysosome-related organelles (Poteryaev et al. 2007; Nieto et al. 2010; Delahaye et al. 2014) . As found in the isolated ccz-1(ts) mutant embryos, sand-1 mutants also accumulate yolk-enriched large droplets in oocytes and embryos (Poteryaev and Spang 2005; Poteryaev et al. 2007) . Our further examination of the ccz-1(ts) mutant embryos revealed that the enlarged droplets contained neutral lipids and were marked with reporter proteins for genuine lipid droplets and yolk complexes. Therefore, we proposed that ATGL-positive lipid droplets undergo fusion with yolk complexes to transiently form a mixture of genuine lipid droplets and yolk. These structures might be involved in separating the lipid moiety from vitellogenins and in the subsequent storage of lipids in genuine lipid droplets.
Involvement of the asm-3 gene in altering the size of lipid droplets and in the stress response Loss of the human sphingomyelinase-encoding gene SMPD1 causes Niemann-Pick disease types A and B, which are lysosomal storage diseases (Schuchman et al. 1992; Jones et al. 2008; Jenkins et al. 2009 ). In Niemann-Pick patients, lipidladen foam cells can be found in bone marrow, spleen, and lymph nodes (Viana et al. 1990; Putterman et al. 1992; Thurberg et al. 2012) . At a cellular level, loss of SMPD1 results in the accumulation of SM in large droplets within endolysosomal compartments (Schuchman et al. 1992; Jones et al. 2008; Jenkins et al. 2009 ). C. elegans encodes three acidic sphingomyelinases: asm-1, asm-2, and asm-3 (Lin et al. 1998; Kim and Sun 2012) . In this study, we showed that asm-3 mutant oocytes and embryos exclusively accumulated enlarged droplets containing neutral lipids marked by the lipid droplet marker ATGL-1::GFP. Because the droplets are not marked by reporter proteins for lysosomes, yolk, or a subset of early endosomes, we concluded that loss of asm-3 function causes an enlargement of genuine lipid droplets.
The reduction of PC levels in the asm-3(ok1744) mutant embryos was remarkable because a decrease of this lipid class increases the size of the lipid droplets in the intestine of adult worms (Krahmer et al. 2011; Xu et al. 2012; Ehmke et al. 2014) . This also could be the reason for lipid droplet enlargement in the asm-3 mutant embryos. Acid sphingomyelinases are crucial in establishing a well-balanced level between SM and ceramide production in the plasma membrane (Goni and Alonso 2002; Jenkins et al. 2009; Young et al. 2013) . However, SM has been discovered in lipid droplet fractions in a variety of different cell types (Hood and Patton 1973; Ishii et al. 1995; Tauchi-Sato et al. 2002; McIntosh et al. 2010; Storey et al. 2011) . Moreover, SMs, PCs, and PIs are enriched in functionally active lipid droplets (Storey et al. 2011) . The conversion of SMs to ceramide causes structural changes in membranes, facilitating the formation of vesicles (Wheeler et al. 2009; Mitsutake et al. 2011) . Indeed, the addition of bacterial sphingomyelinase to giant unilamellar vesicles results in the formation of intraluminal vesicles (Trajkovic et al. 2008; Ibarguren et al. 2013) , indicating an involvement of sphingomyelinases in vesicle formation. Thus, sphingomyelinase-induced SM hydrolysis also could be involved in determining the size of lipid droplets. We further observed a shift toward longchain and polyunsaturated fatty acids (PUFAs) in triglyceride species, indicating an upregulation of the desaturase genes (i.e., fat-1, fat-3, and fat-4). This likely increases the fluidity of membranes (Dietrich et al. 2001; Roux et al. 2005) and facilitates the enlargement of lipid droplets.
Acid sphingomyelinases have been implicated in mediating apoptotic and stress responses to Fas ligands and ionizing and UV irradiation (LIN et al. 2000; Garcia-Barros et al. 2003; Zeidan et al. 2008; Appelqvist et al. 2013) . The C. elegans sphingomyelinase functions as a positive regulator of the DAF-2/insulin signaling pathway, which is involved in the regulation of lifespan, metabolism, reproduction, and development (Kimura et al. 1997; Kim and Sun 2012) . Accordingly, we observed a drastically reduced brood size and slightly increased embryonic lethality in asm-3 mutants.
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Reduced fertility also has been documented in mouse models for Niemann-Pick disease and in other lysosomal storage diseases (Trasler et al. 1998; Adamali et al. 1999; Butler et al. 2007 ). Kim and Sun (2012) showed that asm-3(ok1744) mutant worms have a prolonged lifespan, their dauer arrest is promoted, and they are more resistant to oxidative or heat stresses. We could show that UV-induced embryonic lethality was lower in the asm-3 null allele ok1744, and thus, stress resistance was already established in embryos. By searching for lipid species that might be important for this phenotype, we found that GPEtn (40:8) was increased in the asm-3 mutant embryo. Assuming that this lipid species is composed of two arachidonic acids (20:4), this fatty acid could contribute to the enhanced stress resistance (O'Rourke et al. 2013) of the asm-3 mutant embryos.
Conclusion
We identified a few evolutionarily conserved and essential genes that seem to be involved in the processing of lipidcontaining droplets in C. elegans embryos. Using marker proteins and vital and fixative fat-staining methods, we found that the mutant embryos of the genes cpl-1 (cathepsin L-like cysteine protease), ccz-1 (guanine nucleotide exchange factor subunit), and asm-3 (acid sphingomyelinase 3) showed accumulations of three distinct types of enlarged neutral lipid-containing droplets. These mutant phenotypes indicated that asm-3, ccz-1, and cpl-1 are critical for the distinct steps in the processing of lipid-containing droplets in the C. elegans embryo. The identified genes may be useful for studying embryonic lipid storage in other organisms as well. 
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